A force platform is a technical method of quantitatively assessing balance indirectly. The use of force platforms in physiotherapy departments has become more prominent over the last number of years. However, the main drawback in the use of force platforms is the lack of comprehensive calibration procedures, which casts doubt on the results obtained with these systems. Existing calibration tests are limited to testing the spatial accuracy of the force platform. This paper describes a comprehensive quality control test procedure, which was developed. It is proposed that the developed quality control test procedure could be used to test all types of force platforms and it includes: a description of how the tests should be carried out; the frequency with which they should be carried out and; the expected performance for each of the tests as recommended for the most part by the Association Francaise de Posturologie (Bizzo et al, 1985) .
Introduction
Force platforms are technical methods of assessing balance and as such should have calibration results to verify the accuracy and precision of their clinical results. A significant deficiency in the use of force platforms is the lack of a comprehensive quality control test procedure which could be used to assess the accuracy and precision of the force platform measurements on a month-to-month or year-to-year basis (Andres and Anderson, 1980) . The lack of such a quality control procedure casts doubt on the reliability of the various measured indices of balance described below, and also makes it impossible to compare results from month-to-month within the same clinic and between different clinics, even for the same type of force platform.
It is very important to perform quality control tests so that it can be established if the performance of the force platform is within the specifications.
A force platform is an indirect technical method of measuring balance or sway, where the force exerted by the body on the ground is measured. From this measurement the person's centre of pressure (COP) is determined, and this is then related to their centre of gravity (COG) and ultimately to their balance. This is due to the relationship between these three parameters: the movement of a person's centre of gravity is a measure of their balance, and during quiet standing a persons centre of pressure can be approximated to their centre of gravity (Winter, 1995) . Force platforms measure the COP using force or pressure transducers, which produce an electrical signal proportional to the applied force. There are many different types of force or pressure transducers in use: strain gauges, piezoelectric, piezoresistive and capacitive (Winter, 1990) . A standard force platform is composed of a flat top plate supported by three or four force or pressure transducers. The location of a person's COP is determined by the relative forces experienced at each of these corner transducers. The following is a diagram of a standard force platform (Figure 1 ).
Figure 1: Standard Force Platform
An analysis of the motion of the COP provides detailed quantitative measures of a person's postural stability, called indices of balance. Examples of some of these indices of balance are the following:
1.
Average distance of the COP from the mean position [mm] (Murray et al, 1975; Goldie et al, 1989; Kilburn et al, 1994) , (Hufschmidt et al, 1980; Lakes et al, 1981; Geurts et al, 1993; Lucy et al, 1985) , (Hufschmidt et al, 1980; Diener et al, 1984; M c Clelland et al, 1989; Goldie et al, 1989; Jeong, 1994; Uimonen et al, 1994; Hasan et al, 1996(a) and also from damage to the musculoskeletal system. Different indices of balance are sensitive to the presence of different types of balance disorders (Geurts et al, 1993; Kilburn et al, 1994; Hufschmidt et al, 1980) . The changes in the indices of balance due to impaired balance are not very large, 5mm for healthy volunteer and 7.1mm for a patient with moderate Parkinson's Disease a difference of only 2.1mm (Browne, 1999) . Therefore, the Force Platform measurements of the indices of balance need to be both accurate and precise.
Numerous investigators have carried out calibration tests on force platforms however, these calibration tests have been mostly limited to assessing only the spatial accuracy of the force platform and the sources of error causing the inaccuracy (Bobbert and Schamhardt, 1990; Mita et al, 1993; Granat et al, 1990; Hall et al, 1996; Starck et al, 1993) . Each of the different investigators identified different sources of error for this spatial inaccuracy: excessive non-linearity of the transducer response; different offset voltages of each of the transducers; and electronic noise. Hall et al, 1996 suggested that a large source of error in the spatial accuracy of the force platform was due to the installation of the force platform and recommended that a calibration be performed at installation to minimise these errors. This calibration was limited to only determining the output and the crosstalk of each of the transducers. However, despite a knowledge of the errors which cause spatial inaccuracy no calibration procedure has been developed to include the testing of the different parameters which contribute to the errors in spatial accuracy; such as the level of non-linearity of the transducers or electronic noise in the analogue-to-digital converter signal of the force platform.
Therefore, a quality control test procedure for characterising force platforms was developed. This quality control test procedure includes tests for all of the important aspects of the performance of force platforms, and the recommended performance criteria are for the most part those recommended by the Association Francaise de Posturologie to standardise the construction of force platforms (Bizzo et al, 1985) .
The Association Francaise de Posturologie recognised the need for standard construction specifications for force platforms to be developed and, therefore, outlined specifications for construction of a force platform with a spatial accuracy of 1 mm and a natural frequency greater than 20 Hz. Despite it's obvious importance, no recommendation for precision was made by the Association Francaise de Posturologie and also, it has not been investigated by other investigators.
This quality control test procedure investigates the performance of force platforms from a static and a dynamic perspective. The static performance of the force platform is governed by its spatial accuracy and precision while the dynamic performance is governed by its frequency response. The spatial accuracy of the force platform is affected by the electronic noise and hysteresis of the system, the non-linearity and different offset voltages of the transducers as mentioned earlier. While the precision of force platform is affected by the repeatability and the temporal stability of the system. Therefore, in order for the static performance of the force platform to be fully investigated linearity, hysteresis, noise, repeatability and temporal stability will be investigated as well as spatial accuracy and uniformity. In order for the dynamic performance of the Force Platform to be investigated the natural frequency and the frequency response, Modulated Transfer Function (MTF) will be investigated. In this paper the quality control procedure for all types of force platforms is proposed.
Methods 2.1 Quality Control Test Procedure
This quality control procedure includes quality control tests which may be carried out on force platforms which either have access only to the COP measurements or have access to both the COP measurements and to the voltage output from the analogue to digital converter for each of the transducers. The part of the quality control procedure which uses the COP measurements will only provide general information about the force platform's accuracy and precision and will only allow problems with nonlinearity, hysteresis, noise, repeatability and stability of the force platform to be identified. Whereas, the part of the quality control procedure which uses the output voltage from the analogue to digital converter can pinpoint which transducer has excessive non-linearity, hysteresis, non-repeatability and instability.
All measurements should be made at room temperature (22°C) and the temperature recorded at 30minute intervals while the QC procedure is being carried out.
Static Tests of the Quality Control Procedure
Spatial Accuracy Spatial accuracy is one of the most important parameters of a force platforms characteristics as it is essential for a patient's treatment management that small changes over time can be accurately detected (Berg, 1989) . Spatial accuracy is affected by: non-linearity of the transducers response to applied load; hysteresis in the transducers; different offset voltages of the individual transducers and electronic noise in the individual components of the force platform. For example if the transducers have a non-linear response to applied load, then the COP may be underestimated or overestimated. The point of force application is measured using the force platform's own processing and analysis program therefore; the same test is used regardless of whether or not the output voltage from the analogue to digital converter is accessible. This is one of the more difficult tests to perform, in the QC procedure because of the difficulty with positioning the calibrated loads on the top plate of the system. If an accurate co-ordinate grid is placed on the top plate of the force platform, it will facilitate more accurate positioning of the loads on the top plate.
A number of different measurement techniques have been developed.
The spatial accuracy was measured by Barrett et al, 1987 and Mita et al, 1993 by placing different magnitudes of calibrated loads on the co-ordinate of interest. The loads were then removed and reapplied on the next co-ordinate of interest. This was repeated for up to 40 co-ordinates, which gave an adequate representation of the coordinates of the top plate for the range of loads between 7 kg-30 kg. However, this method is time consuming and subject to large sources of inaccuracies in stacking the loads.
The spatial accuracy was measured by Starck et al, 1993; Bobbert and Schamhardt, 1990; Hall et al, 1996; and Gill and O'Connor, 1997 using dedicated rigs for applying loads of different magnitudes to specific locations, which gave an adequate representation of the co-ordinates of the top plate. A description of the construction of one such rig is described by Gill and O'Connor, 1997. In this investigation a Translational Movement System was constructed, which translated a range of calibrated loads between 10 kg to 80 kg across the top plate of the force platform, without having to keep removing and reapplying the loads ( Figure   3 ). The accuracy of the Force Platform is determined in a relative manner by the Translational Movement System, the loads are moved by 2 cm and the accuracy with which the Force Platform can measure this 2cm change in position is determined. The
Translational Movement System consisted of a moveable plate on which loads were stacked and then easily and accurately moved by 2 cm (an accuracy of ±1 mm). The loads were applied to 40 different locations, which gave an adequate representation of the co-ordinate of the top plate. The co-ordinate points measured were those contained within the area ± 10 cm from the origin in both the x-and y-direction (Bizzo et al, 1985) . The accuracy of the COP measurements should be accurate to within 1mm when a 10kg load is placed 10cm out from the mechanical centre of the force platform (Bizzo et al, 1985; Barrett et al, 1987; Mita et al,, 1993; Starck et al, 1993; Gill et al, 1997) .
Load
This test should be carried out as part of acceptance testing and at a minimum of six monthly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently.
Uniformity
Uniformity is also an important parameter of the force platforms characteristics. If the force platform's top plate has a non-uniform response, then the measurements of a patient's COP will be affected if the patient stands on different positions of the top plate or if the area of their COP increases it will not be measured accurately.
Uniformity is affected by: non-linearity of the transducers response to load; hysteresis; different offset voltages of the individual transducers; electronic noise in the individual components of the force platform; and deformation of the top plate. The uniformity of the force platform's top plate is measured using the force platform's own processing and analysis program. The uniformity of the force platform top plate can be determined by applying a calibrated load between 10kg -40kg at a sufficiently representative number of co-ordinate points on the top plate. The co-ordinate points should be contained within the area ± 10 cm from the origin in both the x-and ydirection (Bizzo et al, 1985) . It is imperative that the load is accurately placed at each of the co-ordinates of interest and this can be achieved by placing a mat with the traced circumference of the base of the load on it and then positioning the load within the trace (Figure 4 ). (Bizzo et al, 1985) .
This test should be carried out as part of acceptance testing and at a minimum of monthly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently. It is also necessary to carry out a smaller daily check on the uniformity of the force platform, in which a calibrated load between 10kg -40kg on at least five random co-ordinates which adequately represent the top plate of the force platform. The co-ordinate points should be contained within the area ± 10cm from the mechanical centre in both the x-and y-direction (Bizzo et al, 1985) .
Linearity
In normal operation the range of applied loads for subjects is between 40 kg to 160 kg and each of the transducers will have this range of loads applied to them divided by the number of transducers in the force platform. Therefore, the linearity of the force platform's transducers should be determined for this range of loads.
The linearity of the force platform can be determined by applying calibrated loads of between 5kg -100kg to different positions on the top plate of the force platform and recording the COP measurements calculated. The COP measurements should not vary by more than 1mm. Therefore, the response of the COP measurements should be independent of the load applied (Bizzo et al, 1985) .
Additional information about the linearity of the individual transducers can be obtained if the output voltage from the analogue to digital converter (ADC) is accessible. The linearity of the transducers can be determined by applying calibrated loads of between 5kg -100kg directly over each of the transducers and the output voltage response of each of the transducers recorded for the increasing magnitude of load. The offset voltage of each of the transducers can also be obtained. The offset voltages of each of the transducers should be the same for all of them otherwise the COP measurements will be inaccurate (Beppu et al, 1985; Mita et al, 1993) . The transducers should have a non-linearity < 0.1% full scale (Bizzo et al, 1985) .
This test should be performed as part of acceptance testing and at a minimum of yearly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently.
Hysteresis
In normal operation the loads applied to each of the transducers will increase and decrease within a few milliseconds as the subject sways to and from the transducers.
In order to simulate the clinical test situation a calibrated load between 20kg -40kg
should be applied to different positions on the top plate of the force platform contained within the area ± 10 cm from the origin in both the x-and y-direction and the COP measurements recorded. Then a smaller calibrated load between 5kg -10kg should be applied on top of the larger load and again the COP measurement recorded.
The smaller load should then be removed and the COP measurement for the original calibrated load recorded. This test should be repeated at least four times at different positions contained within the area ± 10 cm from the origin in both the x-and ydirection for an accurate measurement of hysteresis present in the system to be determined. The COP measurements should not vary by more than 1mm (Bizzo et al, 1985) . (Bizzo et al, 1985) .
Noise
The noise present in the force platform's measurements can be determined by applying a calibrated load between 10kg -40kg to the force platform and the calculated displacement of the COP of the static calibrated load is representative of the amount of noise present in the system. The displacement of the COP measurement should be <1mm (Bizzo et al, 1985) .
Additional information about the contribution of the transducers and the ADC can be obtained in the output voltages from the ADC is accessible. The noise in the force platform's measurements can be determined by applying a calibrated load between 10kg -40kg directly over each of the transducers and measuring the amount of variance in the output voltage signal of the analogue to digital converter, which corresponds to the noise in the signal. The noise level should contribute to <1mm inaccuracy in the spatial accuracy of the force platform COP measurements (Bizzo et al, 1985; Granat et al, 1990) .
This test should be performed as part of acceptance testing and at a minimum of six monthly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently.
Repeatability
Repeatability contributes to the precision of the COP measurements, it is important that the COP measurements are precise so that changes over time in the COP measurements can be detected. The repeatability of the force platform can be determined by applying a calibrated load of between 10kg-40kg to the force platform at least twenty times in the same position and recording the COP measurement obtained each time. It is important that the load is accurately placed in the same position each time, this can be achieved by using a placement mat described in the uniformity test procedure.
Additional information about the repeatability of the individual transducers can be obtained if the output voltage from the ADC is accessible. The repeatability of the transducers can be determined by applying a calibrated load between 10kg -40kg directly over each of transducers individually at least twenty times and measuring the output voltage response of the transducers from the analogue to digital converter. It is important that the load is accurately placed in the same position each time, this can be achieved by using a placement mat described in the uniformity test procedure.
The Association de Francaise made no recommendations for the repeatability of COP measurements, however upon consideration of the small magnitude of difference, 2mm, between patients with Parkinson's disease and age-matched healthy subjects it is evident that COP measurements should also be precise to within 1mm, in order to detect changes in subjects ability to balance (Browne, 1999; Berg, 1989; Hufschmidt et al, 1980) . This test should be carried out as part of acceptance testing and at a minimum of weekly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently.
Temporal Stability
Drift and temporal stability also contribute to the precision of the COP measurements.
The drift in the Force Platform measurements over a 5-30 minutes time interval can be measured by placing a calibrated load between 10kg -40kg on the top plate and recording the COP measurements every 5 minutes.
Additional information about the drift in the individual transducers can be obtained if the output voltage from the ADC is accessible. The drift in the transducers over a 5-30 minutes time interval can be measured by placing a calibrated load between 10kg -40kg over each of the transducers and recording the output voltage response of the transducers from the analogue to digital converter every 5 minutes.
The stability of the force platform over time can be determined by applying a calibrated load between 10kg -40kg to the force platform and recording the COP measurement obtained each time. It is important that the load is accurately placed in the same position each time, this can be achieved by using a placement mat described in the uniformity test procedure.
Additional information about the stability of the individual transducers can be obtained if the output voltage from the ADC is accessible. The stability over time of the transducers can be determined by applying a calibrated load between 10kg -40kg directly over each of the transducers and measuring the output voltage response of the transducers from the analogue to digital converter. It is important that the load is accurately placed in the same position each time, this can be achieved by using a placement mat described in the uniformity test procedure.
The Association de Francaise made no recommendations for the temporal stability of COP measurements, however upon consideration of the small magnitude of difference, 2mm, between patients with Parkinson's disease and age-matched healthy subjects it is evident that COP measurements should also be precise to within 1mm, in order to detect changes in subjects ability to balance (Browne, 1999; Berg, 1989; Hufschmidt et al, 1980) . This test should be carried out at a minimum of monthly intervals unless the stability of the system is such that it needs to be carried out more frequently.
2.2.2Dynamic Test of the Quality Control Procedure
Frequency Response
The frequency response of a force platform can be determined by using a rocking device such as a pendulum, which would simulate the sway of a subject and measuring the frequency and amplitude of the rocking device, using the force platforms own processing and analysis program. The rocking device frequency and amplitude would need to be controllable and be able to simulate a range of frequencies from 0Hz -20Hz. Therefore, it could be evaluated whether the force platform reproduces all the input frequencies and at the correct amplitude.
Additional information about the force platforms frequency response can be obtained if the output voltage from the ADC is accessible. The frequency response of the force platform can be determined by applying an impulse to the force platform (Bizzo et al, 1985; Starck et al, 1993; Hall et al, 1996) . An impulse can be applied by dropping a calibrated load between 5kg -10kg onto the top plate of the force platform. Once an impulse has been applied to the force platform the Point Spread Function (PSF) of the system can be measured from the output voltage of the analogue to digital converter.
The Fast Fourier Transform of the PSF can then be calculated and from this the Modulation Transfer Function for the system can be determined. The natural frequency of the system can be determined from either the time domain plot of the point spread function or from the frequency domain plot of the point spread function.
The modulation transfer function will indicate how the system represents the frequency components of sway.
The range of frequency components in sway is between 0Hz -10Hz therefore the recommended frequency of force platforms is that the natural frequency of the force platform should not be lower than 20Hz (Bizzo et al, 1985) . If the force platform has frequency components lower than 20Hz then the amplitude of the subject's frequency components of their sway may be increased or decreased.
This test should be carried at acceptance testing and at a minimum of yearly intervals thereafter unless the stability of the system is such that it needs to be carried out more frequently. (Bizzo et al, 1985) ** Recommended from experimental evidence of the stability of a prototype Force Platform evaluated over a year (Browne, 1999) 
Discussion
A quality control procedure has been described which enables users to determine whether a force platform is performing to the required specifications, as provided by the Association Francaise de Posturologie (Bizzo et al, 1985) . This paper is the first paper, to the authors knowledge, which outlines a comprehensive quality control procedure for Force Platforms and which recommends appropriate time intervals for carrying out each of the tests in the quality control procedure. However, the time interval suggested are only guidelines established after a year of testing a prototype Force Platform and therefore, further work needs to be carried out in order to establish a baseline of time intervals for Force Platforms of varying ages and varying complexity.
From the results of the quality control procedure sources of error caused by the electronic components of the Force Platform can be identified and if the output voltage from the ADC is accessible then the exact source of the error can be identified for example: excessive non-linearity of the transducer response, different offset voltages of the transducers or noise due to the ADC or mains. Corrections can be applied to correct for excessive non-linearity and different offset voltages in the transducers. Noise due to the ADC can be reduced by using a higher sampling frequency and then using a low pass filter, while noise from the mains can be reduced with better insulating shielding on the Force Platform wiring.
Conclusions
In this paper a quality control test procedure is outlined to allow the performance of force platforms to be evaluated and monitored over time. This quality control test procedure includes details of: what quality control tests should be carried out; how the quality control tests may be carried out; the frequency with which they should be carried out; and the typical performance required in order for the force platforms measurements to be regarded as accurate, precise and giving a faithful reproduction of the frequency components of the subject's sway. Without these quality control tests being carried out it is difficult for investigators to trust the results obtained and to compare results obtained for a patient undergoing physiotherapy as, the results obtained may not be accurate or precise. Table 1 is a summary of the quality control protocol.
